In order to achieve the goal of the Paris Agreement and reduce energy consumption there is the need for a behavior change in energy end-users. Many studies have demonstrated that by delivering to energy users customized feedback on their energy consumption it can encourage a change in their behavior and support investments in energy efficiency and sustainable energy use. However, the resulting impact on energy consumption can vary largely depending on how, when, and to whom the feedback is delivered. This paper aims to provide an updated overview of the energy savings for the main energy consumptions in residential buildings associated with different types of feedback and against some key determinants, i.e., geographical area, time period, type of medium. This analysis is based on a comprehensive literature review of over 70 studies. Based on the review the paper draws conclusions relevant for policymakers and stakeholders interested in developing feedback strategies and tools for their wide applications. The paper focuses also on the ongoing process implementing the EU Energy Efficiency Directive articles related to billing and metering, which will enable more proactive consumer feedback.
Introduction
It is clear that to reach carbon neutrality as recommended by the IPCC Special Report on Global Warming of 1.5 • C [1], there is the need to reduce the energy demand of the existing building stock, which is responsible, with the buildings and construction sectors, for approximately 36% of the global final energy consumption and nearly 40% of the total direct and indirect CO 2 emissions in the world [2] .
Energy feedback has been on the spotlight as one of the actions to increase energy efficiency and energy savings, thanks to the development of studies and the greater understanding of the importance of consumer behavior, from the social and individual points of view [3] . Labanca [4] highlighted that the main ingredients of current policies for energy efficiency can be considered as a mix of behaviorally or technologically driven energy efficiency improvements, and they should be complemented with a new generation of policies based on the insights provided by social practice theories.
Energy feedback is seen as a way to turn a resource that until recently, was considered invisible into a more visible one, thus transforming energy consumers into active agents in the energy system. Darby (2006) through the Oxford English Dictionary [5] has defined feedback as the information about the result of a process or action that can be used in modification or control of a process or system, especially by noting the difference between a desired and an actual result. As a result of feedback, final energy consumers can use the information about their energy consumption and adapt their behavior and gather a better understanding of the effect of a change in their behavior by interpreting the received feedback. Change in energy consumption, achieved through feedback can be persistent, In particular, Articles 9 and 10 of EED outline the guidance for Member States to supply accurate and systematic energy consumption information for final energy users through metering and billing. The EED requires Member States to make sure that billing information is based on the actual energy consumption and provided in a regular basis as established in Annex VII of the EED. The roll-out of smart meters plays a big role in enabling smart feedback. The EED also establishes minimum functionalities and obligations for smart meters so that consumers are billed based on actual consumption. These metering systems are of the most importance for a regular and up to date communication between the energy suppliers and the final energy consumers.
Four main stages of the roll-out of smart meters were identified through the analysis of the 2017 National Energy Efficiency Action Plans [16, 17] and the National Energy and Climate Plans [18] . They are represented in Figure 1 below, as:
(1) Member states that have already rolled out, or hope to achieve, the 80% coverage of smart meters throughout their territory before 2020 (Austria, Denmark, Estonia, Finland, France, Luxembourg, Malta, Netherlands, Romania, Slovenia, Sweden, United Kingdom); (2) Member states that have decided to proceed with the smart meters roll-out, but no earlier than 2020 (Ireland, Italy, Latvia, Lithuania, Portugal, and Slovenia); (3) Member states that have been implementing smart meter pilot projects and that will act upon the results of such projects (Cyprus, Greece, Germany, Hungary, Spain, and Slovakia); (4) Member states that haven't got a defined smart meter roll-out strategy, mainly due to a negative outcome in the cost-benefit analyses performed, and are adopting a wait-and-see posture regarding the development of smart meter technology (Belgium, Bulgaria, Croatia, Czech Republic, and Poland).
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This paper updates the review already done by the same authors in 2015 [19, 20] and it improves the methodology already applied. The rest of this paper is structured as follows: Section 2 introduces the main feedback systems. Section 3 presents and discusses the meta-studies' review about the energy savings related to feedback. Finally, the most relevant conclusions are outlined in Section 4.
Energy Feedback
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Indirect Feedback
Indirect energy feedback systems are the most common strategies used to give feedback to final energy consumers, which consist in providing the feedback after the energy consumption. This includes the standard and enhanced billing.
Standard billing is traditionally provided by the energy retailer or distributer and it basically describes the quantity of energy used during a certain period of time through a paper bill, or in an electronic way, delivering some additional information. The frequency of this means of feedback and also whether the bill is based on estimated consumption (based on historical records) or real consumption (actual meter reading) are significant matters in relation to the commitment of the consumer. For instance, if a consumer is paying a flat rate throughout the year, independently from the real consumption, this may discourage energy savings. 
Standard billing is traditionally provided by the energy retailer or distributer and it basically describes the quantity of energy used during a certain period of time through a paper bill, or in an Energies 2019, 12, 3788 5 of 18 electronic way, delivering some additional information. The frequency of this means of feedback and also whether the bill is based on estimated consumption (based on historical records) or real consumption (actual meter reading) are significant matters in relation to the commitment of the consumer. For instance, if a consumer is paying a flat rate throughout the year, independently from the real consumption, this may discourage energy savings.
Nominally, the effectiveness of standard billing can be judged as quite low, since it doesn't encourage final users to change their energy behavior or make energy efficiency investments in their building units [22] [23] [24] . The kind of information being given in a traditional bill does not go much beyond the sustained costs, type of contracted price, and eventually an analysis versus a comparable timeframe. Since it is only informational and non-engaging, this feedback does not ask for a call for action in any kind of way other than advising the customer to pay the bill. It occurs often that the lack of clearness of the bill is evident, which leads to misperception and a consequent loss of interest.
Enhanced billing is a step further from standard billing and although still conveying information from the utility, it relies on third-party agents to provide additional information such as comparing energy consumption in the previous year or even month, due to the use of measured utility data. This feedback subtype is often delivered by autonomous companies that evaluate the information gathered by the utility and therefore provide comparisons and historical or social backgrounds.
Enhanced billing can be linked to the traditional energy bill, or delivered independently [22, 25] . This feedback is usually provided through traditional mailing or via a web platform. The kind of information provided in this way is more complex than the one coming from traditional bills, with the companies providing this service using different data sources other than utility data, such as home inspections, energy performance certifications, cadastral maps, census, or climatic data. Very often statistics are used to run models to analyze existing data along with user's input to deliver a customized experience for the energy consumer. The advice to the household, web-based energy checks and the billing analysis that is offered increase the completeness and the quality of the information provided.
In these types of feedback, social science principles are also used to deliver a more engaging experience to the energy consumers, with gamification principles like goal setting and social norms which stimulate the personal competition and call-to-action processes. In recent years enhanced billing strategies have been implemented with significant success. For instance, some operators working with utilities base their analysis on data processing techniques and social science theories. This, joint with a user-centric design, allows for utilities to connect more effectively with their clients for customer loyalty actions or as part of initiatives on energy efficiency.
Such approach to communicate with the customers presents energy performance to the energy consumers in an easy and intuitive way to understand. The use of descriptive and peremptory norms reinforces a positive behavior change when the user can see where he stands in comparison with their peers or neighbors, and receive immediate gratification, sometimes simply through a traffic light or an emoticon. The same can be said for target setting where the user is pursuing a specific goal and is more likely to act accordingly.
Other than the traditional moments to provide information to the customers, these operators use continuously other key occasions of commitment with energy consumers. While some of these opportunities may rely on the availability of smart meters, others can utilize the traditional meter technologies. For instance, advice can be sent to the clients to prepare them for the arrival of new climatic conditions, suggesting new technologies that may be implemented or behavioral changes that can be adopted by the household. Other interaction occasions may be when a higher than normal energy expenditure is expected to arrive on a peak day.
Direct Feedback
As reported by Serrenho [26] , direct feedback can be delivered by user interfaces, smart hardware, or software platforms. Devices or platforms that are traditionally used to provide feedback to energy consumers are: In-home displays (IHD), which are relatively simple interfaces providing immediate energy use feedback for the consumer with the capacity to send pricing signals. The type of information is very simple and direct. -Load monitors give simple information on the energy consumption of a device and are placed between the power outlet and the appliance. The type of information provided by load monitors is limited to the energy consumption and eventually a calculation of associated costs, if these parameters are imputed by the user. -Smart hubs are devices that aggregate several smart connected devices within the smart home environment with the main objective to integrate the functionalities of all the devices and communicate with all in a concerted way within a home network. - Energy portals, which have as their main functionality the collection of energy data and its transmission for the final consumer. It receives energy consumption information from smart meters or smart appliances within the household and allows for a detailed and near real-time energy consumption, allowing for the household occupants to control the appliances remotely by acting upon the information received.
When one of these devices is installed in the household environment, the final energy consumer is able to access real-time information on how energy is being used. This allows for the energy consumer to manage the home devices, turn them on or off, or receive appliance-specific feedback. The customization of information that can be provided to the consumer is limitless. From the information regarding the costs or the incorporation of the energy management into the home web environment, these devices allow for the user to configure alarms or define goals and track them. The fact that connected devices allow for an increased interaction, which can be accessed by a personal computer, smartphone, or tablet, and access real-time data on the energy consumption, energy consuming appliances, historical consumption, or emergency messages, make these devices the most complete and engaging types of feedback, just before a fully automated system. Ideally, to have an effective feedback strategy, the appliances and other devices should be linked to a central application or device, which can be controlled in a remote way, being able to monitor and act upon prompts defined by the user, and also have the ability to receive price signals and utilities' load control. These systems are usually composed of different types of components that allow for even traditional appliances to be "smartized", such as smart lighting and appliances, smart plugs, and thermostats.
Meta-Data Studies on Feedback
Over the past 50 years a huge quantity of studies derived indications about the possible influence on energy consumption with the introduction of feedback strategies. For this review, we have taken into account previous review studies [27] [28] [29] based on quite various literature , as well as more recent studies [86] [87] [88] [89] [90] [91] [92] [93] . In accordance with the previous review, we analyzed the empirical studies on consumption feedback through qualitative methods, applying some inclusion criteria to guarantee a minimum quality standard. In particular, the studies which were not considered a control group, as well as those with clear confounding variables, were excluded from the analysis.
By taking into account a total of 64 studies , a final database including 127 implementations of a certain type of feedback was collected, and for 114 of these, the percentage of energy savings was clearly reported. Overall, they cover: -2 types of feedback (direct and indirect); -3 types of energy end-uses (electricity only, electricity and heating, heating only); -6 types of media (bill, card, in-house-display, mail, PC or web, mixed mode); -20 countries (mainly in Europe and North America); -3 categories of duration periods (from 2 weeks up to 3 years); -3 categories of range of sample sizes (from 10 up to 100,000 households).
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Studies Overview
In order to interpret better the results presented in the following sections, it is useful to explain how the final sample is composed. For this reason, Figure 3 provides a breakdown of the complete set of 127 feedback applications, from which the following information is derived:
-A large number of experiments (59%) were carried out in Europe (mostly in UK and Scandinavia) and more than one third (37%) in North America (the USA and Canada); only few studies were developed in Asia (China and Japan) and Australia; the other parts of the world are not covered at all. -
The majority of applications (62%) were done on electricity consumption, while the efficacy of feedback on heating consumptions and on both end-uses together has been less recognized (respectively 21% and 17%).
-
The sample covers well both direct (43%) and indirect (57%) feedback. The indirect means include feedbacks which were processed in some way before the user receives them.
The number of studies has increased during the last 15 years, probably due to the rollout of information campaigns, smart meters, and online services by energy utilities. In fact, 45% of research studies were carried out after 2010 and 34% between 1990 and 2010. -Almost the 50% of applications were focused on samples between 100 and 1000 households, 30% on less than 100, and 21% on more than 1000. -83% of experiments lasted for more than 3 months, and 50% for more than one year. -
The applications taken into account cover a large range of feedback frequencies; the most represented classes are those of monthly (indirect) and continuous (direct) feedback (both at 33%). -Almost all direct feedbacks were provided adopting an IHD, while mostly bill (35%) and mail (25%), were used to deliver indirect feedbacks. only few studies were developed in Asia (China and Japan) and Australia; the other parts of the world are not covered at all.  The majority of applications (62%) were done on electricity consumption, while the efficacy of feedback on heating consumptions and on both end-uses together has been less recognized (respectively 21% and 17%).  The sample covers well both direct (43%) and indirect (57%) feedback. The indirect means include feedbacks which were processed in some way before the user receives them.  The number of studies has increased during the last 15 years, probably due to the rollout of information campaigns, smart meters, and online services by energy utilities. In fact, 45% of research studies were carried out after 2010 and 34% between 1990 and 2010.  Almost the 50% of applications were focused on samples between 100 and 1000 households, 30% on less than 100, and 21% on more than 1000.  83% of experiments lasted for more than 3 months, and 50% for more than one year.  The applications taken into account cover a large range of feedback frequencies; the most represented classes are those of monthly (indirect) and continuous (direct) feedback (both at 33%).  Almost all direct feedbacks were provided adopting an IHD, while mostly bill (35%) and mail (25%), were used to deliver indirect feedbacks. 
Energy Savings through Feedback
As discussed in the introduction, both theory and previous empirical research suggest that feedback can have a significant part in making energy consumers aware of the impacts of their behaviors, which in turn stimulates virtuous behaviors that can save energy. However, looking for quantification of the expected energy savings, it is necessary to remember that the past studies were differently designed, with a focus on different types of energy consumption and implementing methodologies not harmonized.
A very simple and general conclusion can be derived, by looking at the overall picture (based on 114 experiments for which the percentage of saving was reported): it is unlikely that a feedback method (whatever it is) is associated with an energy saving greater than 20%, as well as an increase of energy consumption. This is the case for only one record of our database, registered by the AECOM (Architecture, Engineering, Consulting, Operations, and Maintenance) analysis [75] for "fuel poor" consumers to which accurate and informative bills were delivered. This case is not statistically relevant, but it highlights the importance of the type of consumer for whom the feedback is targeted.
When the issue is analyzed deeply, it is evident that the effectiveness of a feedback approach mainly varies in function of how it is provided. For this reason, to obtain complete indications by comparing the observed impacts on energy consumptions is not obvious. However, some shreds of evidence may be gained, by classifying the results against the main procedural and contextual features. In order to obtain consistent indications, we judged as appropriated to combine two of these determinants per time, according to the combinations shown in Table 1 . When an experiment did not fall univocally in one of the established categories (or not statistically relevant categories) for a certain determinant, it was not taken into account with a reduction of the total number of applications used for the specific analysis. For each category resulting from every combination of determinants the following statistics were calculated:
 number of feedback applications;  average, minimum, and maximum energy saving;  25th, 50th, and 75th percentiles of energy saving. In the studies analyzed it was possible to encounter negative energy savings, which are also displayed in the figures below. These negative energy savings occurrences were found to be negligible and outliers in the overall sample.
The results achieved are presented in a graphical way and discussed in the following sections. 
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Energy Savings per Type of Energy End-Use and Geographical Zone
Comparing the data per type of energy end-use and by the main geographical area (Figure 4 ), initially, it is important to note how maximum energy savings (around 20%) were observed in different parts of the world for electrical consumptions (whether treated alone or with heating). The differences between Europe and North America are more pronounced when the feedback is provided also on the heating consumptions; while in Europe (i.e., in Norway) it was only 10%, in the USA a maximum of 19% was obtained.
Looking at the average energy savings, they fall in the interval 4%-11% and they are slightly higher in North America. The standard deviations are always greater than 2% and reach the value of 6.5% for feedback on electricity only in Europe and on electricity and heating in North America. Duration (i.e., less than 3 months, between 3 and 12 months, more than 12 months) 113 out of 114
Looking at the average energy savings, they fall in the interval 4%-11% and they are slightly higher in North America. The standard deviations are always greater than 2% and reach the value of 6.5% for feedback on electricity only in Europe and on electricity and heating in North America. 
Energy Savings per Type of End-Use and Feedback
In general, it is confirmed that a higher average savings is related to a direct feedback with respect to an indirect one, when the recorded outputs are grouped per type of end-use and feedback ( Figure 5 ). However, these results are true when the feedback is provided only on electricity consumption (8.3% against 5.4%) and on both the end-uses (9.1% against 6.2%), but not for only 
In general, it is confirmed that a higher average savings is related to a direct feedback with respect to an indirect one, when the recorded outputs are grouped per type of end-use and feedback ( Figure 5 ). However, these results are true when the feedback is provided only on electricity consumption (8.3% against 5.4%) and on both the end-uses (9.1% against 6.2%), but not for only heating consumptions. In this case both the average (4.6% against 4.0%) and the maximum (14.0% against 12.3%) savings are associated to indirect strategies. heating consumptions. In this case both the average (4.6% against 4.0%) and the maximum (14.0% against 12.3%) savings are associated to indirect strategies. High values of standard deviation are observed mostly for direct feedback on electrical consumptions, both with (6.3%) and without heating (6.7%). 
Energy Savings per Type of End-Use and Period of the Study
As shown in Figure 6 , the average savings associated with feedback systems depends on when the experiment was carried out. As the common sense would suggest, the effectiveness of feedback can be inversely related to the grade of awareness of energy consumers: i.e., the feedback would be less effective when the starting behavior of the building occupants is high aware. Supposing that the general awareness is growing over the time because of many factors (i.e., development of information campaigns, increase of energy prices, effects of climate changes, etc.), this may clarify why the average savings observed before 1990 (9.4% in average) is greater than that recorded after 2010 (4.0% in average) for all end-use types. Another reason for this is the past increase of energy efficiency of domestic appliances and heating systems. High values of standard deviation are observed mostly for direct feedback on electrical consumptions, both with (6.3%) and without heating (6.7%).
As shown in Figure 6 , the average savings associated with feedback systems depends on when the experiment was carried out. As the common sense would suggest, the effectiveness of feedback can be inversely related to the grade of awareness of energy consumers: i.e., the feedback would be less effective when the starting behavior of the building occupants is high aware. Supposing that the general awareness is growing over the time because of many factors (i.e., development of information campaigns, increase of energy prices, effects of climate changes, etc.), this may clarify why the average savings observed before 1990 (9.4% in average) is greater than that recorded after 2010 (4.0% in average) for all end-use types. Another reason for this is the past increase of energy efficiency of domestic appliances and heating systems. 
Energy Savings per Type of Feedback and Medium
Regarding the type of media (Figure 7) , this cross-analysis discloses that greater savings can be reached with a real-time feedback provided by an in-home display or a web tool (7.8% on average) and that the indirect feedbacks communicated with a card (i.e., door hanger or other card/sign 
Regarding the type of media (Figure 7) , this cross-analysis discloses that greater savings can be reached with a real-time feedback provided by an in-home display or a web tool (7.8% on average) and that the indirect feedbacks communicated with a card (i.e., door hanger or other card/sign delivered by the researchers to the energy consumers) are more effective (9.4% on average) than those delivered by other mediums (not considering mixed modes). The indirect systems based on bills are definitely more replicable and can be extended to higher samples (due to their lower specific costs), but their impact appears smaller (3% on average and 10% maximum). Some studies have been categorized as "mixed" because more than one medium was used. 
Energy Savings per Type of Feedback and Interaction Frequency
As theory suggests [27, 94] , a more frequent feedback should be more effective than the occasional one because it helps to connect a behavioral change to its effect on energy consumptions. This is verified looking at the Figure 8 . Especially for indirect feedback, the mean savings is clearly proportional to the frequency, passing from 8.6% with 1-4 feedback per week to 2.7% with the most infrequent communications (every 2-6 months). The absolute maximum saving was obtained with continuous direct feedback. In line with previous experiences, the immediate feedback (the consumer is able to refer to the feedback directly after taking action) is particularly effective during the learning phase, when the user's attention is focused on the specific action target. This is verified looking at the Figure 8 . Especially for indirect feedback, the mean savings is clearly proportional to the frequency, passing from 8.6% with 1-4 feedback per week to 2.7% with the most infrequent communications (every 2-6 months). The absolute maximum saving was obtained with continuous direct feedback. In line with previous experiences, the immediate feedback (the consumer is able to refer to the feedback directly after taking action) is particularly effective during the learning phase, when the user's attention is focused on the specific action target. 
Energy Savings per Type of Feedback and Duration
Another factor influencing the energy saving obtainable with a feedback strategy is its duration over time. In fact, the attention of consumers may drop as they pass from the starting learning task to the satisfaction of a specific objective. In fact, the duration of a feedback may impact on how the consumer will interpret its message and where he will subsequently focus the attention.
The statistical analysis presented in Figure 9 suggests that when the duration increases, the average savings decreases, both for direct (from 10.5% to 5.8% on average) and indirect feedback (from 11.0% to 4.4% on average). 
Conclusions
As summarized in Table 2 , the studies evaluated in the present article show that feedback can contribute in a realistic perspective to a household's final energy consumption reduction in the range from 5% to 10%. From Table 2 it emerges that direct feedbacks can be considered as slightly more 
As summarized in Table 2 , the studies evaluated in the present article show that feedback can contribute in a realistic perspective to a household's final energy consumption reduction in the range from 5% to 10%. From Table 2 it emerges that direct feedbacks can be considered as slightly more effective than the indirect ones, especially for electricity end-uses. On the contrary, regarding the comparison between Europe and North America, it is difficult to obtain conclusive evidence of different results clearly reflecting cultural or behavioral differences among end-users in the two different regions. Table 2 . Summary of average, minimum, and maximum energy savings related to feedback strategies. Statistics are not provided for categories represented by less than 3 applications.
Geo Zone

Energy
End-Use
Feedback Type Even if this analysis is based only on robust studies that used a control group and also considered contextual factors (e.g., household demographics, socio economic context, consumption ranges, weather, etc.), it is important to observe that a certain margin of variation may be attributable to differences of household groups (e.g., educated or wealthy household, or young vs. elderly households) typically ranging from self-selected volunteers to random population samples and other dissimilarities in experiment design. In addition, the final impact on energy consumptions can strongly depend on how the feedback is tailored to the household and presented in a clear, engaging way. Moreover, it is necessary to remind the reader that the energy savings associated to every application refers to the period under analysis (less than 12 months for the 60%) and could be changed over the long term.
Number of Applications
Average Energy Saving
Min Energy Saving
Max Energy Saving
Besides the persistence in time of the effects of feedback and the eventual need of adjusting the strategy to maintain the engagement of householders, by analyzing the energy feedback studies, relevant uncertainties were also found on the impact of feedback on energy users in different demographic and social groups and the cost-benefit of feedback. The discrepancies between different cost-benefit assessments for feedback based on advanced metering technologies have to be further studied, as well as the conditions under which the benefits of feedback compensate the costs. Moreover, it was also found that the technicalities associated with enabling the sharing of information on energy consumptions between similar consumers are rarely analyzed and discussed. These aspects are of great relevance and should be addressed in further research.
Also, the frequency of feedback interventions is a key aspect, which can influence the permanent engagement of energy users, where a correct balance between too many and too few feedbacks should be found, to avoid losing the interest of the final energy consumers. The analysis of the studies shows that a greater frequency of feedback is leading to much more energy savings with 8% for feedback provided several times per week, instead of less than 3% for feedback provided every 2-6 month. This finding could call for a revision of the EED provisions with energy consumption readings at least once a year and billing occasions twice a year should be increased for boosting energy savings.
There is ample evidence that the general awareness of energy efficiency has been growing throughout the years. Nevertheless, an important energy saving potential can still be attributed to proactive actions able to increase the awareness of one's own energy footprint and measures related to reduce energy consumption through behavior change. In addition, end-user engagement has to be maintained in order to reduce the long-term loss of effectiveness of a feedback mean. To do this, a two-way interaction approach between the energy suppliers and final user is recommended [95, 96] , as well as the use of gamification strategies, such as the challenge with similar profile consumers, and the application of methods that gratify the consumer when its energy consumption is reduced. Also, the effects of these aspects have to be better investigated in the coming years.
